We introduce a multilevel spiral phase plate (SPP) limited by a pseudoring polygonal aperture (PRPA). Such an SPP has the advantages of easier fabrication and greater suppression of the sidelobes of the diffraction field over that generated with a polygonal aperture (PA). The Fraunhofer diffraction fields generated by an SPP with a PRPA or with a PA have the same topological charge features and a similar diffraction pattern. Numerical evaluations show that the maximum bright annular-intensity difference between the diffraction patterns for the SPP with a PRPA and that of a PA does not exceed 3% under optimal design parameters. However, designing a SPP is still a challenging technical task in the optical domain. Several ways have been proposed to fabricate an SPP, for example, fabrication of multisteps on the silica material through a multietching process [7] or excimer laser ablation of the polyimide substrate [8] . The microrelief of the resulting SPP is multilevel or quantized, and the effects of multilevel SPPs on the diffraction field have been widely explored. An experiment with a 16-level SPP fabricated through photolithography was conducted, and by making use of a finite-level SPP implemented with the use of a liquid crystal cell, helical laser beams with topological charges of up to 6 were observed [9] . In [10, 11] an achromatic SPP was designed that could form almost the same helical fields if the wavelength of the irradiance field varied over a rather wide range of 140 nm. Theoretically, the efficiency of the SPP-aided transformation of a Gaussian beam to a Laguerre-Gaussian mode (0,1) was calculated [12] , and the minimal numbers of SPP phase levels (for topological charges n Ͻ 8) for which the finite-level SPPs differ only insignificantly from the continuous SPPs was also found. It was also shown that the orbital angular momentum of the beam generated by the finite-level SPP reached its maximum only in special cases [13] . However, all these analyses were based on decomposition into a series of angular harmonics, and no expressions were offered to describe the diffraction fields of the multilevel SPP. Very recently, Kotlyar et al. [14] proposed a finite-level SPP with a PA, and with the finite sum of plane waves they obtained the analytical expression and investigated the topological charge behavior of the Fraunhofer diffraction of plane waves by such an SPP.
In recent years the helical beam carrying optical vortices, manifestations of phase singularities in the optical field, have received considerable attention because of their importance in various applications such as optical communication [1] ; optical trapping of atoms [2, 3] ; photolithography with resolution / 10, where is the light wavelength [4] ; spiral interferogram analysis [5] ; optical computation [6] ; and so on. Of the methods obtained with such helical beams, those with a helical axicon or a spiral phase plate (SPP) have seen an increase in interest recently, because the improved quality of fabrication of spatial light modulators has made them suitable for generating diffractive optical elements (DOEs).
However, designing a SPP is still a challenging technical task in the optical domain. Several ways have been proposed to fabricate an SPP, for example, fabrication of multisteps on the silica material through a multietching process [7] or excimer laser ablation of the polyimide substrate [8] . The microrelief of the resulting SPP is multilevel or quantized, and the effects of multilevel SPPs on the diffraction field have been widely explored. An experiment with a 16-level SPP fabricated through photolithography was conducted, and by making use of a finite-level SPP implemented with the use of a liquid crystal cell, helical laser beams with topological charges of up to 6 were observed [9] . In [10, 11] an achromatic SPP was designed that could form almost the same helical fields if the wavelength of the irradiance field varied over a rather wide range of 140 nm. Theoretically, the efficiency of the SPP-aided transformation of a Gaussian beam to a Laguerre-Gaussian mode (0,1) was calculated [12] , and the minimal numbers of SPP phase levels (for topological charges n Ͻ 8) for which the finite-level SPPs differ only insignificantly from the continuous SPPs was also found. It was also shown that the orbital angular momentum of the beam generated by the finite-level SPP reached its maximum only in special cases [13] . However, all these analyses were based on decomposition into a series of angular harmonics, and no expressions were offered to describe the diffraction fields of the multilevel SPP. Very recently, Kotlyar et al. [14] proposed a finite-level SPP with a PA, and with the finite sum of plane waves they obtained the analytical expression and investigated the topological charge behavior of the Fraunhofer diffraction of plane waves by such an SPP.
In this Letter we improve Kotlyar's design and consider a multilevel SPP with a PRPA, as shown in Fig.  1 . Such an SPP is just the remainder of Kotlyar's SPP after blocking the central part with a smaller polygonal plate. From the standpoint of fabrication, the SPP is more easily fabricated than that designed by Kotlyar, because mircroreliefs near the center are too small to fabricate. Fortunately, as was done in [14] , an analytical expression representing the Fraunhofer diffraction field of the plane wave by such an SPP can still be obtained.
With ⍀ representing the polygon domain with vertices A p ͑x p , y p ͒, p = 0 , 1 , . . . , P − 1, where P is the number of vertices, the complex amplitude describing the Fraunhofer diffraction of a plane wave by a PA can be expressed as [15] 
where k =2 / is the wavenumber, f is the lens focal length, and ͑ , ͒ are the Cartesian coordinates in the 
where
is a sum of four terms, corresponding respectively to the four vertices of the quadrilateral, which may be also considered as the difference between the two triangles R 2 and R 1 , respectively. Equation (2) is a general result for an arbitrary multilevel SPP with a PRPA, i.e., a DOE with the phase depending only on the polar angle. In the present case we have ⌿ p = n p (n is an integer). In fact, when R 1 = 0, the PRPA turns to a PA studied in [14] and cos ␣ p − cos ␣ p+1 = 2 sin͑ / P͒sin͑ p − ͒, then Eq. (2) reduces to Eq. (2) in [14] .
At → 0, expanding the exponents in Eq. (2) into a Taylor series and retaining only the first four terms, one obtains
Obviously, this expression can be obtained directly from Eq. (3) in [14] only, replacing R 2 and R 3 with R 2 2 − R 1 2 and R 2 3 − R 1 3 , respectively. Therefore, the diffraction field by an SPP with the PRPA has similar behavior to that with a PA at → 0. For example, the amplitude on the optical axis is zero if ⌿ p = n p , because the first sum in Eq. (3) is zero ͑n 0͒, and the second term in Eq. (3), which is proportional to the variable , will be also equal to zero at n ± 1. In fact, the first sum in Eq. (3) may be equal to zero not just for an SPP, since the amplitude is also zero on the optical axis providing ͑⌿ k+P/2 = ⌿ k + ͒. Specifically, for n = 1, the complex amplitude in Eq. (3) will always be E͑ → 0,͒ ϰ exp͑i͒, regardless of the SPP with a PRPA or with a PA. Therefore, this means that both multilevel SPPs with a PRPA and a PA produce the same topological charge n = 1. Such a statement can be extended to that with any topological charge n. Finally, as pointed out in [14] , it is worth noting that, although there is 2 in the denominator and some For investigating the influence of the improved SPP with a PRPA on the Fraunhofer diffraction field of a plane wave, it is necessary to make some numerical simulations where = 633 nm, f = 150 mm, R 2 = 2 mm, and n = 6 are always fixed, while R 1 and P are adjustable parameters. In fact, R 1 = 0 just corresponds to these studied in [14] . Figure 2 shows the Fraunhofer diffraction patterns and the corresponding phase distributions of plane waves by such SPPs with different adjustable parameters R 1 .
Comparing the Fraunhofer diffraction patterns of plane waves by an SPP with a PRPA to that with a regular PA, it is found that they are extremely alike. The SPP with a PRPA influences mainly the sidelobes of the diffraction patterns and clearly suppresses them [16] . Numerically calculating demonstrates that, although the transmittance field intensity in a PRPA reduces a factor 1 − ͑R 1 / R 2 ͒ 2 compared with that in a PA, the height of the main bright ring of the diffraction pattern by an SPP with a PRPA changes little under an appropriate R 1 , and the optimal suppressing effect of the diffraction sidelobes occurs at R 1 near R 2 / 2. For example, for R 1 = 1 mm and P = 30, the difference of the main bright annular intensities between the two cases does not exceed 3%, as shown in Fig. 3 . Additionally, from Fig. 2 it is found that the phase distributions are extremely similar for the Fraunhofer diffraction field by the SPPs with two apertures within the main bright ring. However, with an increase of R 1 , the phase distribution out of the main bright ring exhibits a significant distortion compared to that with a PA͑R 1 =0͒.
In summary, a multilevel SPP with PRPA is introduced, and an analytical expression describing the Fraunhofer diffraction of the plane wave by such an SPP is obtained. The SPP with a PRPA is easier to fabricate and can significantly suppress the sidelobes of the diffraction field compared to that with a PA. It is found that the Fraunhofer diffraction fields generated by a multilevel SPP with PRPA or with a PA have exactly the same topological charge characteristics and a similar diffraction pattern. Numerical evaluations show that the difference between the maximum main bright annular intensities of the Fraunhofer diffraction patterns for the SPP with a PRPA and a PA does not exceed 3% under optimal design parameters. 
